ABSTRACT: An evaluation of porcine longissimus myoglobin concentration was conducted to determine breed and gender differences for myoglobin content, estimate genetic parameters for myoglobin concentration, and determine the relationship between myoglobin content and objective measures of muscle color. Data from centrally tested (n = 255), purebred Yorkshire (42), Duroc (61), Hampshire (17), Chester White (28), Berkshire (67), Poland China (28), and Landrace (12) barrows and gilts from the 1999 National Barrow Show Sire Progeny Test were used. Ultimate pH and Hunter L were measured on the 10th-rib face 24 h postmortem. A section of bone-in loin containing the 10th rib was taken to the Iowa State University Meats Laboratory. At 48 h postmortem, Hunter L, CIE L*, a*, and b*, Japanese color score, and water-holding capacity were measured on the face of the 10th-rib loin chop. A slice from the 10th-rib loin section was evalu-
Introduction
Pork quality has become a primary focus for producers, researchers, packers, processors, retailers, and ultimately, consumers. This has become especially true for niche producers and pork processors involved in exporting pork. Lean meat color has often been associated with consumer acceptance of fresh meat cuts, and may ated for percentage of i.m. fat. The resulting loin chop was used for the determination of soluble myoglobin concentration (mg/g, wet basis). Chester White, Hampshire, and Duroc pigs had the highest (P < 0.05) myoglobin concentration (0.92, 0.95, and 0.85 mg/g, respectively), whereas Landrace had the lowest (0.62 mg/g; P < 0.05). No gender differences were detected for myoglobin concentration. The heritability estimate for soluble myoglobin concentration was 0.27. Residual correlations between soluble myoglobin and CIE L*, a*, b*, Hunter L (24 h), Hunter L (48 h), and Japanese color score were −0.17, 0.23, −0.15, −0.16, −0.13, and 0.13, respectively. These correlations are low but in the desired direction. The residual correlation between soluble myoglobin and intramuscular fat percent was 0.18. Results show that myoglobin concentration has a moderate heritability and could be used in a selection program to make pork loins darker in color.
be the single most important factor consumers use to evaluate pork in the meat case (Faustman and Cassens, 1990) . Some consumer segments prefer pork that is darker in color, particularly the upscale restaurant trade and specialty markets. Additionally, muscle color plays a significant role in pork exports, particularly to Asia (Cravens, 1997; Miller et al., 1999; Vonada et al., 2000) . In 2001, total pork exports added nearly $1.5 billion to the U.S. pork chain, with almost $1 billion of that coming from the Asian market (USMEF, 2003) . Meeting the demands of export consumers could add substantially to the profitability of both pork processors and producers.
Lean meat color has been evaluated with multiple subjective and objective measures (NPPC, 2000) . Most methods have only been indicators of the biologically active component of meat color. Myoglobin (MB) is the oxygenbinding protein in muscle that gives meat its characteristic red color (Garrett and Grisham, 1999) . Increasing MB content and thus changing lean pork color could make pork more competitive in domestic and export markets. Sires  7  13  14  6  6  4  4  54  Progeny  Barrows  29  20  35  14  16  5  5  124  Gilts  13  41  32  14  12  12  7  131  Total  42  61  67  28  28  17  12  255 For selection to be successful within and among breeds, sufficient additive genetic variation must exist, reliable genetic parameters must be available, and superior individuals must be selected to produce the next generation of progeny. Therefore, the objectives of this study were to determine breed and gender differences for MB content, estimate genetic parameters for MB concentration, and determine the relationship between MB content and objective measures of color in porcine LM.
Materials and Methods
Data from centrally tested purebred (n = 255) Yorkshire, Duroc, Hampshire, Chester White, Berkshire, Poland China, and Landrace barrows (n = 124) and gilts (n = 131) from the 1999 National Barrow Show sire progeny test (Goodwin, 2000) were evaluated to determine the genetic parameters for myoglobin content of the LM. Three generation pedigrees were obtained for all animals and pigs were determined to be free of the Halothane gene by DNA test (Fujii et al., 1991) . Molecular tests for Rendement Napole were not available at this time. The distribution of records is shown in Table 1 .
Pigs were delivered to the Northeast Iowa Swine Testing Station in New Hampton at approximately 8 wk of age and were penned by sire group in a solid-concretefloored, open-front building and given 1.4 m 2 of pen space per pig. Pens were placed on test when the pen averaged 31.7 kg and pigs were provided ad libitum access to feed and water. Diets provided met or exceeded NRC (1998) nutrient requirements. Animals were weighed weekly and removed from test when they reached an approximate end weight of 108.9 kg. Pigs were then shipped to Hormel Foods/Quality Pork Processors in Austin, MN, and slaughtered after an overnight rest period.
Following harvest and a 24-h chill, ultimate pH was measured on the 10th-rib face of the LM using a pH star probe (SFK Ltd., Hvidovre, Denmark). Hunter L (L24) was measured on the 10th-rib face of the loin using a Minolta CR-310 (Minolta Camera Co., Ltd., Tokyo, Japan) (a measure of light reflectance where lower value indicates darker and more desirable color) with a 50-mm-diameter aperture, D65 illuminant, and calibrated to the white calibration plate. A section of bone-in loin containing the 10th rib was removed from the carcass and transported to the Iowa State University Meat Laboratory in Ames. At 48 h postmortem, Hunter L score (L48), was measured using the Minolta 310-CR on the 10th-rib loin face. The CIE L* (a measure of the white/ black color spectrum where lower values indicate darker and more desirable color), a* (larger positive values indicate more red color), and b* (measure of the yellow/blue color spectrum) values (HunterLab, 1983) were obtained with a Hunter LabScan colorimeter (Hunter Laboratory, Inc., Reston, VA), fitted with a 25-mm aperture, A illuminant, and calibrated to a white standard tile. Japanese color score (1 to 6) (Nakai, 1991) and water-holding capacity (WHC), by the filter paper method of Kauffman et al. (1986) , were measured on the face of the 10th-rib sample. A 3.2-mm slice from the 10th-rib chop was used for i.m. fat determination (Bligh and Dyer, 1959) . Soluble MB content (SM) was determined using the method of Hunt (1980) on the resulting loin chop.
Least squares means were determined using a mixed linear model (PROC MIXED; SAS Inst., Inc., Cary, NC) that included fixed effects of breed, gender, and harvest date, and random effects of sire and dam within breed. Means were compared using pairwise t-tests and determined to be different at P < 0.05. Heritability estimates were calculated as four times sire variance divided by total variance (4δ s 2 /δ t 2 ; Falconer and MacKay, 1996 ) from a restricted maximum likelihood algorithm in the PROC MIXED analysis. Standard errors were estimated by the Delta Method of Lynch and Walsh (1998) . Residual correlation coefficients between the traits were calculated using a fixed linear model with fixed effects of breed and harvest date in the multivariate ANOVA in PROC GLM (SAS Inst. Inc.).
Results and Discussion
Least squares means by breed are reported in Table  2 . Significant breed differences for longissimus SM occurred in this study. The Hampshire and Chester White breeds had higher (P < 0.05) LM SM when compared with Berkshire, Landrace, Poland China, and Yorkshire breeds, but were not different from Durocs. This agrees with the result of Lindahl et al. (2001) , who found Hampshires had higher pigment content when compared with Swedish Yorkshires and Landrace pigs. Additionally, longissimus SM was higher (P < 0.05) for the Duroc pigs when compared with the Landrace and Yorkshire breeds. The SM of Berkshire and Poland China pigs was higher (P < 0.05) compared with the Landrace breed. The results from the current study differ from previous results reported by Allen et al. (1966) , where Yorkshires had SM = soluble myoglobin content, mg/g (as-is/wet basis); CIE L* = black (0) to white (100) scale; CIE a* = red (+) to green (−) color scale; CIE b* = yellow (+) to blue (−) color scale; pH = ultimate pH of LM 24 h postmortem; L24 = light reflectance measured 24 h post-mortem with a Minolta CR-310; L48 = light reflectance measured 48 h postmortem with a Minolta CR-310; WHC = water-holding capacity using the filter paper method; Color = 1 to 6 color score using Japanese color blocks; IMF = i.m. fat percent determined by chloroform-methanol extraction.
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Means in the same row within the same fixed effect that do not have a common superscript differ (P < 0.05).
higher levels of MB than did Durocs. The differences between the present investigation and those previously reported are likely due to selection for decreased backfat thickness to increase percentage of lean meat since the previous study was conducted. Breed differences in SM were closely mirrored by the breed differences in some objective color measures, particularly in identifying breeds with LM that was paler than other breeds. Results for CIE L* showed that Landrace pigs had higher (P < 0.05) values (paler color) compared with the Berkshire, Chester White, Duroc, and Hampshire breeds (Table 2 ). For the measure of the red/ green color spectrum, a*, breed differences also occurred. Hampshire pigs had higher (P < 0.05) a* values than the other six breeds involved in this study, which is similar to the findings of Lindahl et al. (2001) . Objective color results closely follow the myoglobin results. Miller et al. (2000) reported Hampshire pigs that were carriers of the Napole gene showed no difference in L* or a* values compared with homozygous recessive animals, but were different from Yorkshires. Because Napole is known to affect muscle quality, pH, and WHC in particular (Hamilton et al., 2000; Moeller et al., 2003) , and can be found primarily in Hampshire pigs , the results reported for Hampshire pigs in this study could be attributed to, at least partially, the unknown incidence of the Napole gene. Similarly, Duroc pigs had higher (P < 0.05) a* values compared with Berkshire, Landrace, Poland China, and Yorkshire pigs. There were no breed differences detected for b*. This finding is not in agreement with the findings of Lindahl et al. (2001) who found Hampshire pigs had higher b* values.
Breed differences (P < 0.05) for Hunter L value measured 24 (L24) and 48 (L48) h postmortem did occur in this study (Table 2 ). Landrace and Yorkshire LM had higher (P < 0.05) L24 (paler) values compared with the other five breeds in this study. These findings are similar to those reported by Berger et al. (1994) . Ball et al. (1996) also found Landrace pigs had the palest lean meat color when compared with Duroc, Hampshire, and Yorkshire pigs. Berkshire pigs had lower (P < 0.05; darker) L24 values when compared with Chester White, Duroc, Landrace, Yorkshire, and Poland China pigs. These findings are consistent with previous research (Berger et al., 1994; Goodwin, 1994) . Breed differences for L48 were also observed (Table 2) . Berkshire LM had the lowest L48 values compared with all other breeds, but was lower (P < 0.05) than only the Duroc, Landrace, Poland China, and Yorkshire breeds. Similarly, Chester White and Duroc LM had lower L48 values when compared with the Yorkshires (Table 2 ). Breed differences for Japanese color score, a subjective evaluation of muscle color, closely mirror the results of the 24-h Hunter L evaluation (Table 2) .
Hampshires had the lowest pH value and highest WHC values, but were not different (P < 0.05) from Landrace, Poland China, or Yorkshire pigs for pH, and only different (P < 0.05) from Berkshires and Chester White pigs for WHC (Table 2) . Berger et al. (1994) reported Hampshire pigs had a lower (P < 0.05) pH than any other (0) to white (100) scale; CIE a* = red (+) to green (−) color scale; CIE b* = yellow (+) to blue (−) color scale; pH = ultimate pH of LM 24 h postmortem; L24 = light reflectance measured 24 h postmortem with a Minolta CR-310; L48 = light reflectance measured 48 h postmortem with a Minolta CR-310; WHC = water-holding capacity using the filter paper method; Color = 1 to 6 color score using Japanese color blocks; IMF = i.m. fat percentage determined by chloroformmethanol extraction b Calculated as four times the sire variance divided by total variance (4δ s 2 /δ t 2 ) from a restricted maximum likelihood algorithm in SAS PROC MIXED; NA indicates the estimate was greater than 1. c SE calculated by Delta Method (Lynch and Walsh, 1998). breed, which could be attributed to greater power to detect differences than the current study or a higher incidence of Napole. Miller et al. (2000) reported Napole carriers had a lower pH than homozygous recessive Hampshires and Yorkshires. Duroc and Chester White pigs had the highest (P < 0.05) levels of i.m. fat percentage, which agrees with the finding of Berger et al. (1994) . Landrace and Yorkshire pigs had the lowest (P < 0.05) levels of i.m. fat percentage, but were not different (P < 0.05) from Hampshires or Poland Chinas. Ball et al. (1996) reported Duroc pigs had the highest level of i.m. fat percentage, but were not different from Hampshires or Yorkshires. These results are different than those found in the current study, and are likely due to differences in the selection goals that exist in the Canadian breeding program.
Least squares means by gender are shown in Table 2 . Barrows had higher (P < 0.05) b* values than gilts. Gilts had lower (P < 0.05) L48 values than barrows. Hamilton et al. (2000) reported no gender differences for CIE L*, a*, and b*. Barrows had 0.66 greater (P < 0.05) percentage of i.m. fat in the LM than did gilts, which closely follows previously published results (Goodwin, 1994; Hamilton et al., 2000) . No detectable gender differences were observed for SM, L*, a*, pH, L24, WHC, or Japanese color score.
Heritability estimates are shown in Table 3 . The heritability estimate for soluble MB concentration was 0.27 (± 0.09), and was lower than that reported by Allen et al. (1966) . Heritability estimates for other measures of lean meat color were higher than that of MB concentration. The CIE L*, a*, and b* were highly heritable (0.98, 0.52, and 0.94, respectively). Sellier (1998) reported an average heritability of 0.28 for L* from 29 published estimates, with a range of 0.15 to 0.57, which is lower than the estimate found in this study. The high heritability estimates could be due to the current study design, where sources of environmental variation were limited. All pigs were tested in the same environment, harvested at the same facility with large numbers per contemporary group, and had the same people measuring carcasses within each group. Producers were also permitted to select their pigs for the test, which may not represent a random sample of their herd or breed for a given trait. This could potentially produce a greater decrease in phenotypic variation than additive genetic variation, thereby inflating the heritability estimates. Hunter L taken at 24 and 48 h were also highly heritable, 0.56 and 0.62, respectively. Water-holding capacity was moderately heritable at 0.32. This is higher than the average (0.15), but within the range of values (0.01 to 0.43) reported by Sellier (1998) . Heritability estimates for pH and i.m. fat percentage were greater than 1, and were likely due to the low numbers of sires and large sire variance, and are not reported.
Residual correlation coefficients that were calculated using a fixed linear model with fixed effects of breed and harvest date are shown in Table 4 . Residual correlations were calculated to examine the relationship among the meat quality traits after accounting for the known sources of variation from the analysis model. The absolute value of the residual correlations between soluble myoglobin concentration and other muscle quality indicator traits were 0.23 or less (Table 4 ). The residual correlation between SM and CIE a* was 0.23. The correlation is low, but it is a positive association that demonstrates that increasing myoglobin content should increase CIE a* values (more red coloring of pork). The residual correlation between SM and CIE L* was −0.17. The negative relationship between SM and CIE L* is desirable as increasing SM would decrease CIE L* and be indicative of pork muscle that would be of a darker color than pork with lower SM values. The residual correlation between SM and Japanese color score was 0.13. Although this number is low, it is positive, indicating that as SM values increase, Japanese color scores also increase (higher scores indicate darker color). Absolute values of the residual correlations between other objective and subjective measures of color were between 0.23 and 0.87, with the majority of the correlations having an absolute value above 0.58.
Implications
With the growing importance of export markets, seedstock producers, breeding stock companies, commercial pork producers, packers, and processors must continue to improve fresh pork color and ultimately, fresh pork quality. Myoglobin, the muscle protein that gives meat its red color, could become instrumental in improving lean color through identification of breeds superior for myoglobin concentration and selecting superior individu- Table 4 . Residual correlation coefficients between muscle quality traits measured in the pork longissimus from the 1999 National Barrow Show sire progeny test (0) to white (100) scale; CIE a* = red (+) to green (−) color scale; CIE b* = yellow (+) to blue (−) color scale; pH = ultimate pH of LM 24 h postmortem; L24 = light reflectance measured 24 h postmortem with a Minolta CR-310; L48 = light reflectance measured 48 h postmortem with a Minolta CR-310; WHC = mg, water-holding capacity using the filter paper method; Color = 1 to 6 color score using Japanese color blocks; IMF = i.m. fat percent determined by chloroform-methanol extraction. Correlations calculated from multivariate fixed linear model with fixed effects of breed and harvest date; *P < 0.05; **P < 0.01; ***P < 0.001 als as breeding animals. Residual correlations between myoglobin content and other indicators of fresh pork quality are in a favorable direction, indicating selection for increased myoglobin concentration also should improve other meat quality traits. By selecting superior breeds and individuals, more fresh pork should qualify for export marketing, whereby increasing the value of the entire pork production chain.
